Microbial source tracking (MST) results, obtained using identical sample sets and pulsed field gel electrophoresis (PFGE), repetitive element PCR (rep-PCR) and ribotyping techniques were compared.
INTRODUCTION
Many genome-based typing methods have been developed to identify species or subspecies of bacteria in an epidemiological or systematics context (Tenover et al. 1997; Luows et al. 1999; Olive & Bean 1999; van Belkum et al. 2001) , and recently there has been considerable interest in using these methods in microbial source tracking (MST).
These methods target the whole genome, particular genes, or a specific DNA sequence. The application of these methods to MST is based on the hypotheses that subspecies of specific bacteria originating from a particular animal host species are more closely related than those from other animal species, and that by matching genotypes of bacterial isolates from the environment to bacterial isolates from various warm-blooded animals, the host of origin for the environmental isolates can be determined. These methods can be categorized as being either host origin database dependent or host origin database independent. The three most common genotypic methods used for MST that are host origin database dependent are pulsed field gel electrophoresis (PFGE), repetitive element PCR (rep-PCR) and ribotyping.
These three MST methods have advantages and disadvantages (Farber 1996) as they differ in cost and rigour.
Currently, only one method, ribotyping, is automated.
However, all three methods produce a series of bands (a fingerprint) on agarose gels, and band patterns obtained from a host origin database of known host patterns are compared with patterns obtained from unknown environmental isolates.
PFGE has been used by the Centers for Disease
Control and Prevention (CDC) to study outbreaks of E. coli O157:H7 (Olive & Bean 1999) . Parveen et al. (2001) evaluated PFGE data using the restriction enzyme SfiI and found no relationship between bacterial fingerprint patterns and host source. However, Simmons et al. (2000) , using the restriction enzyme NotI, reported success in comparing unknowns with known source patterns.
rep-PCR has been used successfully to distinguish strains of E. coli (Lipman et al. 1995; Dombek et al. 2000; Carson et al. 2003) , Rhizobium meliloti (de Bruijn 1992), Bradyrhizobium japonicum (Judd et al. 1993) , Streptomyces spp. (Sadowsky et al. 1996) , Xanthomonas spp. (Bouzar et al. 1999 ) and other bacteria (Versalovic et al. 1998; Sadowsky & Hur 1998) . Dombek et al. (2000) reported that rep-PCR was useful for MST, and Carson et al. (2003) reported that the performance of rep-PCR was equal or superior to the performance of ribotyping using the restriction enzyme HindIII.
Ribotyping has been the mostly widely used fingerprinting protocol for MST (Samadpour & Chechowitz 1995; Parveen et al. 1999; Carson et al. 2001; Jenkins et al. 2003; Scott et al. 2003) . The DNA is typically cut with the restriction enzyme HindIII alone (Parveen et al. 1999) , or the enzymes EcoRl and PvuII (Samadpour & Chechowitz 1995) . With E. coli, superimposing the band patterns generated with EcoR1 and PvuII, or combining the enzymes as was done in this study, are considered superior to patterns generated with HindIII alone because the combination produces more informational bands. The single restriction enzyme PstI, however, provides good discrimination between fecal enterococci (Kuntz et al. 2003) .
While these methods may be useful in individual applications, no studies have simultaneously evaluated multiple methods and multiple laboratories using the same test samples. In this study, six investigators, each using one or two of the three genotypic methods, were compared with respect to their accuracy in predicting the source of fecal material in blind, spiked water samples.
MATERIALS AND METHODS

Overview
Fecal samples from seagulls, dogs, cows, sewage influent and humans and blind water samples (spiked with fecal material) created from the same source materials were prepared at a central laboratory and replicates sent to the study participants. Each investigator isolated 60 bacteria (E. coli or fecal enterococci) from the five fecal sources to create a host origin database consisting of 300 isolates.
Each investigator also isolated 25 or 50 isolates of the indicator bacteria of their choice from the blind water samples for DNA pattern comparison against their host origin database. rep-PCR was performed using the BOXA1R primers and the protocol previously described by Dombek et al. (2000) . The protocol was slightly modified in that Lyse-n-Go PCR reagent (Pierce Chemical Co., Rockford, Illinois) was added to aid cell lysis (Carson et al. 2003) .
rep-PCR analysis of Escherichia coli
Following amplification, PCR products were separated by electrophoresis in 1.5% SeaKem agarose gel (Bio Whittaker, Rockland, Maine) at 100 V for 4 h at room temperature. Gel images were captured with an EDAS 290 system (Kodak Co., Rochester, New York).
Investigator B
Fecal swabs were streaked directly onto the surface of EMB agar plates (Becton Dickinson) and incubated at 44.5°C overnight. Aqueous samples were diluted in sterile 0.85% saline, plated onto mFC plates, and incubated at 44.5°C overnight. Fecal coliform colonies that appeared blue on mFC plates were chosen randomly and transferred to EMB plates for purification. Isolates were subsequently cultivated on tryptic soy agar (TSA) plates overnight at 37°C and E. coli identification confirmed by growth on citrate slants.
rep-PCR was performed using the BOXA1R primers and the protocol previously described by Dombek et al. (2000) . Following amplification, PCR products were separated by electrophoresis in a 1.5% agarose gel (0.5 × TBE) at 64 V for 18 h at room temperature. Gel images were captured using a Polaroid camera (Kodak) and digitized using an Epson Expression 386XL scanner (Epson America, Long Beach, California) and PhotoShop (Adobe Systems, San Jose, California).
Investigator C
Fecal swabs were streaked onto mFC agar plates and incubated at 44.5°C for 24 h. Sewage influent and water samples were diluted 1:10 in 0.1% peptone water and plated onto mFC agar plates. Escherichia coli was isolated and confirmed as described in Dombek et al. (2000) .
rep-PCR was performed using the BOXA1R primers and the protocol previously described by Dombek et al. (2000) . 
Ribotyping Escherichia coli
Investigator D
Fecal swabs were streaked onto MacConkey agar plates and water samples were passed through a 0.45 µm filter.
Colonies from the agar plates and membrane filters were restreaked onto MacConkey agar plates and incubated for 24 ± 2 h at 35 ± 0.5°C. Colonies were transferred to blood agar plates and incubated for 24 ± 2 h at 35 ± 0.5°C. Isolates were subsequently tested for indole production and citrate utilization. Colonies that were lactose-positive, indolepositive and citrate-negative were considered E. coli.
For DNA extraction, confluent growth from the blood agar plates was scraped with a sterile flat-headed toothpick and cell material was suspended in 800 µl 50 mM Tris and 50 mM EDTA (pH 8.0). Genomic DNA was extracted using the phenol/chloroform procedure described by Sambrook & Russel (2001) . Restriction endonuclease digestion reactions were performed using EcoRI and PvuII (BoehringerMannheim GmbH, Germany) according to the manufacturer's protocol. DNA fragments were separated by electrophoresis at 33 V for 12-14 h in a 0.8% agarose gel in 1 × TBE (Tris-borate-EDTA). The DNA was transferred to a Nitran filter (Schleicher & Schuell, Keene, New Hampshire), baked at 80°C for 1 h, and probed with 32 P-labelled copies of E. coli rRNA produced using random hexanucleotide primers and Avian Myeloblastosis Virus reverse transcriptase (Strategene, La Jolla, California) according to the manufacturer's protocol.
Investigator E
Fecal swabs were streaked onto mTEC agar plates (Difco) and then the plates were incubated at 44.5 ± 0.2°C for 24 h. Yellow colonies were streaked onto TSA and incubated at 35°C for 24 h. Isolates that did not hydrolyse urea after 18-24 h incubation were re-streaked onto mTEC agar and incubated at 35°C for 24 h. Yellow colonies were considered to be E. coli and were re-streaked onto TSA.
Water samples were diluted and each passed through a 0.45 µm filter. Filters were placed on mTEC agar plates, incubated at 35°C for 2 h, and then at 44.5 ± 0.2°C for 22 h. Following incubation, filters were placed on an absorbent pad saturated with urea substrate. Ureanegative isolates were streaked onto TSA and incubated at 35°C overnight. Well-separated colonies were restreaked twice onto TSA to ensure their purity.
Genomic DNA isolation and restriction endonuclease digestion were performed as described above for Investi- 
PFGE of Escherichia coli
Investigator D
Isolates used for ribotyping were also used for PFGE analysis by this investigator (Ribotyping, Investigator D).
DNA preparation and pulsed field gel electrophoresis after restriction endonuclease digestion with XbaI (American Allied Biochemicals, Denver, Colorado) was performed as described by Renter et al. (2003) using a Hoffer Hula Gel system (Hoffer Scientific, San Francisco, California).
Fingerprint analysis
Five of the six investigators (A, B, C, E and F) analysed fingerprint patterns using the BioNumerics software program (Version 3.0, Applied Maths, Sint-Martens-Latem, Belgium; Table 1 ). Identification of unknown bacteria was performed using a host origin database containing infor- 3. Ability to identify the dominant source of fecal material contained in a sample.
4. Ability to accurately identify all sources of fecal material contained in a sample.
RESULTS
There was a wide range in the positive predictive value of the methods examined. This range was greatest among ribotyping methods, which exhibited both the highest It is important to note, however, that application of more restrictive algorithms or qualitative tolerances will only solve a portion of the problem. Previous studies suggest that the bacterial subspecies in an environmental sample occur in multiple species. Often referred to as transient or cosmopolitan, these subspecies provide limited diagnostic information. Our understanding of population genetics for these bacteria is still rudimentary and none of the host origin database-dependent MST methods directly (or knowingly) targets a specific trait that is unique to a bacterial group originating from a specific host species. The patterns produced by the different PCR primers or restriction enzymes may be random with respect to the genetic differences that make these groups unique. More research is needed to understand the specificity of selected strains to a source, and to select which primers and bacterial species provide the greatest specificity.
Because data analysis varied among investigators, it is difficult to determine which genotypic method was the most efficient. Investigator D applied two methods, PFGE and ribotyping, to an identical set of isolates and, using the same algorithm for analyses, found that the two methods produced comparable results. This agreement suggests that given equal information obtained from the method chosen, analysis strategy is more important than the underlying method used to create the banding patterns for the isolates. If this is the case, then selection of the most appropriate method may depend on the application. For instance, PFGE produces more unique banding patterns than ribotyping, which would be advantageous in applications with a limited number of possible sources that need to be well differentiated. In contrast, PFGE may be disadvantageous when applied to a more complex situation because the larger number of unique isolates requires a larger host origin database than for ribotyping, adding substantially to study cost. Therefore, when choosing which MST method to use for a particular application, factors such as laboratory accuracy, ability to acquire source samples, throughput, financial constraints, study area and study goals must all be considered to design an effective study.
CONCLUSIONS
Although all the methods were able to identify the dominant source in most of the blind samples, the methods also had high false positive rates. This problem seemed to be largely affected by the algorithm used to match banding patterns between isolates in the host origin database and blind samples; algorithms requiring a closer match for source assignation have a smaller rate of false positives.
None of the MST methods stood out as being superior to the others at correctly identifying fecal sources in blind samples. The majority of differences were investigator dependent, indicating the need to modify and optimize these methods, particularly the analytical algorithms used, to minimize sources of error.
